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SUMMARY 


Sodiua  channels  from  rat  brain  hare  bean  atudiad  at  the  single  channel 
level  in  planar  phoapholipid  bi layer  aeabranea.  Zn  the  preaence  of  the  activa¬ 
ting  neurotoxin,  batrachotoxln  (BTX),  the  channala  were  aalactiva  for  aodiua 
over  other  cations  and  the  probability  of  being  open  <P0>  waa  increased  by 
aeabrana  depolarization.  Saxi toxin  <STX>  and  tetrodotoxin  (TTX)  blocked  the  open 
channala  inducing  long-lived  blocked  periods  corresponding  to  the  toxin-bound 
state.  Hyperpolarizlng  aeabrana  potentials  favored  STX  and  TTX  block  with  the  Kj 
for  block  increasing  about  e-fold  for  40  aV  change  in  potential.  Voltage  depen¬ 
dence  of  block  by  TTX  (monovalent  cation)  and  STX  (divalent)  waa  the  saae, 
leading  to  the  conclusion  that  voltage  dependence  of  block  is  due  to  a  voltage- 
driven  conforaational  change  in  the  binding  site  structure.  External  divalent 
cations  (e.g.,  Ca*»  and  Mg**)  also  blocked  the  open  channels  in  a  voltage- 
dependent  Banner,  presumably  by  ooapating  with  permeant  cation  (e.g.,  Ha*)  for 
one  or  aore  coaaon  sites  in  the  channel  pore.  The  carboxyl -methylating  reagent, 
triaethyloxonlua  (THO),  applied  froa  the  extracellular  side,  abolishad  sensiti¬ 
vity  to  toxins,  reduced  single  channel  conductance  and  virtually  eliminated 
block  by  external  Ca**.  We  conclude  that  the  TMO-aanaitive,  toxin  binding  site 
aay  be  an  essential  step  in  the  ion  permeation  process.  A  three-site,  four- 
barrier  rate  theory  model  has  been  developed  to  account  for  ion  movement  through 
the  channel  under  a  variety  of  experimental  conditions  assuming  that  permeant 
and  blocking  cations  interact  with  the  toxin  binding  site  aa  they  enter  the 
channel.  An  alternative  possibility  is  that  the  toxins  bind  relatively  far  froa 
the  mouth  of  the  pore  and  inhibit  ion  aoveaent  by  an  indirect,  allosteric 
mechanise.  One  experiaent  to  estimate  the  spatial  relationship  betwemn  the  toxin 
binding  site  and  the  channel  pore  auggeata  that  toxins  bind  close  to  the  channel 
mouth.  In  order  to  exaaine  the  generality  of  voltaga-dapendant  toxin  block  and 
TMO  modification,  we  have  begun  to  study  soae  of  the  properties  of  vmiratrldine 
(VER)  activated  aodiua  channels.  Voltage-dependant  gating  and  volte gd-dependent 
block  by  3TX  and  TTX  were  similar  in  VER  and  BTX-actlvatad  channels.  The  aingla 
channel  conductance  of  VER-activated  channala  waa  only  about  10  pS  as  compared 
to  23  -  30  p3  for  BTX-activated  channels.  These  experiments  should  provide  new 
inforaation  about  the  molecular  structure  of  the  STX  binding  site  and  its  role 
in  the  functioning  of  the  channels  in  the  abaanca  of  toxins. 


FOREWORD 


In  conducting  the  research  described  in  this  report,  tha  investigators 
adharad  to  the  “Guide  for  tha  Cara  and  Use  of  Laboratory  Anisals'*  prepared  by 
tha  Coaalttee  on  Cara  and  Uaa  of  Laboratory  Aniaala  of  tha  Institute  of  Labors* 
tory  Aniaal  Resources,  National  Research  Council  (DREW  Publication  No.  NIH  85- 
23,  Revised  1985). 

Anisals  are  aaintained  in  the  Central  Aniaal  Facility  of  the  University  of 
Maryland  School  of  Medicine.  Anisals  are  housed,  cared  for,  and  used  strictly  in 
accordance  with  USDA  regulations.  The  University  of  Maryland  School  of  Medicine 
Central  Anisal  Facility  la  fully  accredited  by  the  Aserlcar.  Association  for  the 
Accreditation  of  Laboratory  Aniaal  Care.  The  progras  of  aniaal  care  is  directed 
by  a  full-tlae,  specialty  trained,  laboratory  anisal  veterinarian.  This  institu¬ 
tion  has  an  Anisal  Welfare  Assurance  on  file  with  the  NIH  Office  for  Protection 
fros  Research  Risks  (OPRR),  Assurance  Nuaber  A0472. 

The  person  responsible  for  tha  Central  Anisal  Facility  is: 

Dr.  Nelson  Garnett,  Central  Anisal  Facility 
University  of  Maryland  School  of  Medicine 

Medical  School  Teaching  Facility,  Redwood  and  Pine  Streets 
Baltiaora.  Maryland  21201  Phone  (301)  528  7612 
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EXPERIMENTAL  RESULTS 
A.  Specific  Alas  si  Original  Propoaal . 

The  original  specific  alas  (listed  below)  hava  not  changed.  During  tha 
flrat  year,  substantial  prograss  has  baan  sada  on  alas  1,  2,  and  4.  As  a  conse- 
quanca  of  recent  rasults  and  developaents  In  tha  flald,  naw  axparlaantal  ap- 
proachas  to  addrass  thasa  alas  hava  baan  lntroducad  (saa  sactlons  D  and  E) . 

1.  to  dataralna  tha  aolacular  basis  of  tha  voltaga  dapandanca  of  saxitoxin 
(STX)  and  tatrodotoxin  (TTX)  block  of  nauronal  aodlua  channals. 

2.  to  axaaina  tha  effects  of  triaathyloxoniua  (TMO;  a  aodifiar  of  tha  nega¬ 
tively-charged  toxin  binding  alts)  on  ion  paraaatlon  through  tha  channals  and  on 
channel  block  by  calcius  and  strontlua. 

3.  to  axasina  tha  affact  of  othar  carboxyl  sodifying  raagants  on  ion  peraea- 
tion  and  block.  Spacial  attantion  will  ba  paid  to  carbodi ialdas  which  render 
aodius  channals  insansitiva  to  TTX. 

4.  to  utiliza  tha  inforsation  in  1  -  3  abova  to  dariva  a  rata  theory  sodal 
for  ion  paraaatlon  through  tha  channal. 

5.  to  detaraine  tha  ratas  of  opening  and  closing  of  singla  aodlua  channels  at 
varying  aaabrana  potantials  and  tha  af facts  of  TMO  treataent  on  thasa  processes. 
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C.  Wat*  Thaorr  Hod*lllng 


Hathoda .  All  axpariaants  described  in  thia  raport  hava  baan  carriad  out 
using  aaabrana  vesicles  praparad  fro*  homogenates  of  rat  brain  that  ara  anrichad 
in  3H-3TX  bindi  ng  aitaa  (1).  3odi.ua  channala  vara  incorporatad  into  ohoaphati- 
dylethsnolaminn-phosphatidylserine  planar  bilayara  and  atudiad  in  tha  presence 
of  tha  activating  toxin,  batrachotoxin  <BTX;  2,3). 

Ion  movement  through  aalactiva  channala  can  ba  daacribad  by  aaauaing  that 
aach  paraaant  Ion  auat  travarsa  a  aariaa  of  anargy  barriara  aa  it  aovaa  through 
tha  channel  pore.  Between  aach  pair  of  adjacent  barriara  ia  an  anargy  ainiaua  or 
wall,  occupanc r  of  which  ia  energetically  relatively  favorable.  In  general, 
according  to  aich  a  ao-called  "rat*  theory"  modal,  highly  paraaant  iona  encoun¬ 
ter  low  anargy  barriara  and  ahallow  walla,  wharaaa  iona  that  encounter  one  or 
aora  vary  high  barriara  ara  imparaaant  and  thoaa  that  enter  vary  damp  walla  are 
minimally  permeant  and  actually  block  the  flow  of  permeant  iona.  Voltage-depen¬ 
dant  sodium  channels  have  been  modalad  in  thia  way  (4)  uaing  a  three-well 
(site),  four-barrier  rat*  theory  modal,  however,  the  number  of  barriers  and 
sites  and  their  poaiticna  werar  chosen  arbitrarily  to  allow  for  good  fits  to 
macroscopic  current-voltage  data.  We  have  also  used  a  four-barrier,  three-aita 


these  studies,  ions  auat  traverse  all  four  barriara  to  cross  (per¬ 
meate)  the  membrane  through  th<»  channel. 

I  ' 

experimental  observations: 

1.  Trimethyloxonium  (TWO)  abolishes  3TX  block  and  binding  and  profoundly 
affects  aodiun  permeation  and  block  by  external  calcium  (5).  Moreover,  the  STX 
biding  ait*  in  probably  located  near  the  external  surface  of  the  channel  (6). 
Thus,  the  sax;. toxin  binding  site  is  assumed  to  be  an  initial  binding  site  for 
entering  cations  and  is  represented  by  the  external  energy  well. 

2.  External  calcium  blocks  in  a  voltage-dependent  manner  with  hyperpolari- 
zing  potentials  favoring  block  (7).  This  is  built  into  the  model  by  placing  a 
central  sit*  ;’cr  either  sodium  or  calcium  reasonably  deep  within  the  channel  so 
that  entering  cations  experience  a  significant  portion  of  the  transmembrane 
electric  field  aa  they  approach  the  site.  Calcium  blocks  because  it  cannot 


rsadilly  traverse  the  high  barrier  just  to  the  inside  of  this  sits 


3.  Internal  calcium  blocks  sodium  ion  sovesent  through  the  channels  in  a 
slightly  voltage-dependent  aanner  suggesting  a  third  site,  accessible  from  and 
quite  close  to  the  intracellular  side  of  the  channel  (Worley,  French  and 
Krueger,  in  preparation). 

The  flux  equations  vers  solved  (by  coaputer)  for  each  ion,  to  generate 
predicted  single  channel  current-voltage  relations  in  the  absence  and  presence 
of  calciua  (Figure  2)  and  single  channel  conductancg-sodiua  concentration 


Figure  2.  Single  channel  current  vs.  voltage  relations  for  symmetrical 
125  mH  NaCl  and  10  mH  external  (A)  or  internal  (B>  calcium.  Lines 
are  predictions  from  the  rate  theory  model . 

relations  (Figure  3).  Model  parameters  (energy  levels)  were  varied  to  obtain  a 
single  set  (Figure  1)  that  allowed  satisfactory  fits  to  all  available  data 

C«n4v«t  «n««  <*3> 
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Figure  3.  Single  channel  conductance  vs.  sodium  concentration  (symme¬ 
trical).  The  smooth  line  is  the  prediction  from  the  rate  theory  model 
described  above. 

(Worley,  French  and  Krueger,  in  preparation),  including  current-voltage  rela¬ 
tions  and  calcium  block  with  "physiological"  transmembrane  ion  concentration 
gradients  (Figure  4).  A  critical  teat  of  this  model  was  to  mimic  the  effects  of 
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THC  on  both  sodium  permeation  and  calciua  block  by  aanipulating  only  tho  exter- 


Figure  4.  Single  channel  currant  va.  voltage  ralations  for  “phyaio- 
logical"  ion  gradiants  <125  aM  Na/S  «M  K  outaida;  125  aH  K/5  aH  No 
inalda)  and  10  aH  axtarnal  (A)  or  lntarnal  <B)  calciua,  Lunas  ara 
prediction*  froa  tha  rata  thaory  aodal. 

nal  barriar  and  wall.  Aa  ahown  in  Figure  5.  by  aaking  tha  outar  barriar  slightly 
highnr  and  tha  outar  wall  ahallowar  for  aodiua  and  calciua,  both  tha  raduction 
in  aodiua  conductanca  and  tha  draatic  dacraaaa  in  potency  of  calciua  block  ara 


....  *  <** 


Figura  5.  Single  channal  currant  va.  voltaga  relation  for  THO-modified 
aodiua  channels  it,  125  an  ayaaetrical  NaCI  in  the  absence  or  presence 
of  10  aH  external  calciua.  Coapara  with  Figura  2A  for  unaodified 
channels. 

accurately  reproduced.  It  was  concluded  froa  these  rate  theory  modelling  studies 
that  the  experimental  data  are  consistent  with  the  saxitoxin  binding  site  ser¬ 
ving  aa  a  first  and  possibly  essential  step  in  the  permeation  of  sodium  through 
open  sodium  channels  in  the  absence  of  blocking  toxins. 


D.  The  relationship  between  the  saxitoxln  binding  site  and  the  channel  south.  It 
la  usually  assumed  that  aaxitoxin  and  tatrodotoxin  block  aodiua  channala  by 
binding  in  or  naar  tha  axtarnal  aouth  of  tha  channal  pora  and  atarically  occlu¬ 
ding  antry  of  paraeant  ions  (8).  Indaad,  it  ia  iaplicit  in  tha  rata  thaory 
nodal  ling  described  abova  that  block  by  STX  aay  ba  dua  to  coapatition  batwaan 
paraaant  ions  and  toxin  for  an  aaaantial  binding  sits  in  tha  paraaation  pathway 
(Worley,  Wondarlin,  Kruagar  and  Franch,  in  preparation).  With  aithar  of  thaaa 
mechanises,  toxin  block  aay  said  to  ba  by  “occlusion*'  on  tha  channal.  Soaa 
axpariaantal  avidanca  laada  to  quaationing  this  idaa  and  tha  proposal  that  STX 
and  TTX  sight  bind  at  a  aita  distant  froa  tha  aouth  of  tha  channal  pora  and 
block  by  an  “allosteric**.  aachanisa  involving  a  confot national  changa  in  tha 
channel  protain  structure  (9).  Tha  alloataric  aachanisa  has  bean  auggestad 
because  tha  praaanca  of  a  negatively  charged  (THO-aodif iable)  carboxyl  group 
associated  with  the  toxin  binding  aita  and  located  at  tha  aouth  of  the  channal 
pore  would  distort  the  shape  of  the  conductance-aodiua  concentration  relation 
(10).  The  conductance-aodiua  relation  ia  well  described  by  a  staple,  rectangular 
hyperbola  (11  and  Figure  3)  suggesting  that  there  ia  little  negative  charge  at 
tha  channel  entrance.  An  additional  teat  of  the  binding  aita-channal  aouth 
relatio  .ship  ia  to  exaaina  the  effects  of  external  divalent  cations  (e.g., 
calciua)  on  the  voltage  dependence  of  STX  block.  The  voltage-dependence  of  block 
by  guanidiniua  toxins  ia  thought  to  be  due  to  a  voltage -dependant  conforaational 
changa  in  the  structure  of  tne  toxin  binding  site  rather  that  to  the  toxins 
entering  the  aeabrane  electric  field  because  both  STX  (a  divalent  cation)  and 
TTX  (monovalent)  show  the  aaae  voltage  dependence  (8,9,11,12).  Rando  and  Stric- 
hartz  (13)  have  suggested  that  this  voltage-dependant  block  occurs  only  whan  tha 
channala  are  open.  In  contraat  to  voltage-dependent  guanidiniua  toxin  block, 
calciua  blocxa  open  aodiua  channels  with  a  aiailar  voltage  dependence  because  it 
binds  to  a  site  deep  within  the  channel  (see  section  C  above),  in  light  of  this 
inforaation,  external  calciua  should  reduce  tha  voltage  dependence  of  toxin 
block  (vij  an  electrostatic  interaction  between  calciua  and  toxins,  both  cat¬ 
ions,  in  their  respective  binding  sites)  if  tha  toxir.  binding  site  ia  cloaa  to 
the  calciua  binding  aite  inside  tha  channel  pore  (e.g.,  at  tha  entrance  to  tha 
channel).  Figure  6  shows  that  external  calciua  substantially  reduces  the  voltage 


Figure  6.  Seailog  plot  of  for  STX  and  TTX  block  vs.  aeabrane 
potential  in  the  absence  (solid  lines)  and  presence  (dashed  lines)  of 
10  »M  extracellular  calciua. 
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dependence  of  STX  and  TTX  block,  a  raault  conaiatant  with  a  toxin  binding  aita 
at  tha  axtracwllular  aouth  of  tha  pore.  Graan  at  al.  (3)  hava  reported  that 
axtarnal  zinc,  which  exhibits  aiallar  voltage-dependant  block  of  aodiua  chan- 
nala,  doe*  not  affact  tha  voltage  dependence  of  guanidiniua  toxin  block.  At  tha 
praaant  tiaa,  tha  mpatial  ralationahip  batwean  tha  STX  binding  aita  and  tha 
channel  entrance  la  unclear  ana  there  i*  not  aufficient  inforaation  to  unequivo¬ 
cally  diatinguiah  between  the  "occluaion"  and  MalloatericM  aodela  for  toxin 
block. 

E.  Activatio..  of  Ha  Channel#  by  Veratridine.. 

Pravioualy.  all  of  tha  axpariaanta  on  thia  project  ware  carried  out  with 
BTX-activated  aodiua  channala.  By  inhibiting  aodiua  channel  inactivation,  BTX 
enablea  Ions,  ateady  atate  recording*  of  aingle  aodiua  channel  current*  at 
aodarata  bandwidth*.  In  tha  abaenca  of  BTX,  tha  channel*  wouid  inactivate  too 
feat  to  parait  accurate  reaoiution  of  unitary  current*  a*  ia  required  for  our 
work.  It  ia  poaaibl*  that  aoaa  of  the  propertiea  we  hava  observed  are  unique  to 
BTX-actlvatad  channala  and  thua  would  not  be  rapraaentative  of  normal  channel* 
in  vivo.  We  hava  therefore  begun  to  atudy  aodiua  channel*  in  planar  bi layer*  in 
the  preaanca  of  veratridine  (VER)  an  alkaloid  toxin  that  alao  cause*  persistent 
activation  of  tha  channala.  Aa  ahown  in  Figure  7,  VER-activated  channel*  are 
voltage-dependent  (Fig.  7A)  and  are  blocked  by  STX  (7B). 


B 
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+  60  mV  +  5nM  STX 
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Figure  7.  Veratrldine-activated  Sodiua  Channel.  A.  Single  channel  current 
fluctuation*  in  the  presence  of  100  uH  VER  at  various  membrane  potentials.  B. 
Block  of  VER-activated.  channel  by  STX.  Filtered  at  40  Hz  on  playback. 

Block  of  VER-activated  channels  by  STX  was  voltage  dependent  (data  not  shown)  as 

observed  for  BTX-activated  channels  (2,3,3,12).  The  most  conspicuous  difference 
between  VER  and  BTX  activated  channels  la  that  the  single  channel  cond  tance  of 

the  '(ER-activated  charnel*  (10  pS,  250  *H  NaCl)  is  only  about  40*  that  of  BTX- 

activated  channels.  The  data  in  Figure  7  were  obtained  fro*  partially  purified, 
reconstituted  sodium  channel*  (14)  that  were  about  30x  pure:  virtually  identical 
channel  properties,  including  VER  activation,  were  observed  with  both  native  and 
purified  channels  (15).  Garber  and  Miller  (16)  have  observed  similar  propertiea 
of  VER-activated  sodiua  channel*  from  skeletal  muscle  in  planar  bilayers. 
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Veratridine  has  baan  found  to  act  on  aodiua  channala  synergistically  with 
polypaptida  toxins  froa  acorpion  and  aaa  anaaona  vanoaa  (37>.  Aa  shown  in  Figure 
A,  wa  have  found  praliainary  evidence  for  this  aynargiaa  uaing  a  polypaptida 
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Figure  8.  VER-AxTX  Synergisa.  Left:  Data  froa  <17>  showing  the  poten¬ 
tiation  of  - V£R-actlvated  sodiua  influx  into  rat  brain  synaptosoaas . 
Filled  circles,  VER  alone;  open  circles,  *  100  nM  AxTX.  All  stiaulated 
fluxes  were  STX  sensitive.  Right:  single  channel  recording  of  VER- 
activatad  rat  brain  sodiua  channels  in  a  planar  bilayer.  Addition  of 
100  nH  AxTX  greatly  increases  the  probability  that  the  channels  will 
be  open.  Syaaetrlcal  250  aH  NaCl;  filtered  at  SO  Hz  on  playback. 


toxin  froa  the  sea  anaaona  Anthropleura  xanthograaaica  (18,  AxTX).  In  the  ab¬ 
sence  of  AxTX,  there  were  several  VER-activated  channels  with  a  low  probability 
of  being  open.  Addition  of  100  nH  AxTX  greatly  increased  the  open  probability. 

It  is  interesting  that  the  single  channel  conductance  did  not  change  upon  AxTX 
activation.  This  potentiation  aay  be  a  aanifestation  of  the  saae  VER-AxTX  ayner- 
gisa  seen  in  flux  experlaenta  (17). 


Although  the  results  are  praliainary,  it  appears  that,  with  the  exception 
of  the  reduced  single  channel  conductance,  the  properties  of  VER  and  VER*AxTX 
activated  sodiua  channels,  particularly  those  of  the  STX  binding  site,  are 
siailar  to  those  of  BTX  activated  channels. 
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